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Abstract—The properties of two-dimensional photonic
bandgap dielectric structures, also called photonic crystals, are
numerically investigated to assist the design of waveguides for
THz driven linear electron acceleration. Given the broadband
nature of the driving pulses in THz acceleration regimes,
one design aim is to maximise the photonic bandgap width
to allow propagation of the relevant frequencies within the
photonic crystal linear defect waveguide. The proposed design
is optimized to provide the best compromise between effective
acceleration bandwidth and strong beam-wave interaction
at the synchronism central frequency. Considerations on
achieved acceleration bandwidth, accelerating voltage and
surface magnetic field are given to compare the proposed
geometry to one of the main counterparts in the literature—the
dielectric-lined waveguide.
Index Terms—terahertz electron acceleration, photonic crys-
tals, photonic-bandgap waveguides
I. INTRODUCTION
W ITH current state-of-the-art particle accelerators reach-ing several kilometres in size, a paradigm shift is
required for future technologies to prevent them becoming
unattainable. Terahertz (THz) frequencies offer the opportunity
to build micron-scale structures, and the use of dielectrics
over metal offers the ability to push fields higher due to
the increased breakdown resistance—or fluence threshold.
Additional benefits over optical frequencies, which similarly
exhibit the prior stated benefits of THz, is the larger aperture
sizes allowed for the beam and higher bunch charges THz
affords beams to use; as well as improved bunch quality due
to a single cycle being able to capture ps-length bunches,
allowing for monoenergetic beams [1].
In conventional RF-driven accelerators, sources are typically
narrowband, usually on the order of less than a few percent.
This allows the analysis to be performed around a central fre-
quency assuming negligible phase-velocity slippage compared
to the particle-beam being accelerated; thus can be assumed
the whole bandwidth will contribute positively towards the
acceleration voltage. In the regime of ultrashort THz pulse,
broad bandwidths are generated and require a more careful
study of the beam-pulse interaction due to the presence of
frequencies which are far from phase-velocity synchronism.
Thus the accelerating voltage becomes dependent on several
factors such as: the length of the waveguide; the dispersion
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of the accelerating mode in the waveguide; and the spectral
interaction impedance across all frequencies propagating.
One current limiting factor in high-gradient devices is field
magnitude on the accelerating structure walls: high electric
fields leading to surface breakdown and field emission; and
high magnetic fields which can cause pulsed heating leading
to surface deformation and degradation [2], [3]. Linear accel-
eration of electrons at this frequency range needs to take into
account the aforementioned aspects. Dielectric lined waveg-
uides (DLW), both rectangular and cylindrical, have been
proposed in the literature [4]. Due to the wavelength scales of
THz, employing photonic crystal (PhC) technology for lateral
electromagnetic confinement instead of metal walls can offer
lower ohmic losses [5], [6], potential for damping higher-order
modes, and high fluence threshold. In particular, as the fields
evanescently decay away from the vacuum channel, they are
of negligible amplitude by the point any metal supports or
structure are encountered. In this paper, the use of a photonic
crystal waveguide, periodic in two dimensions, is proposed to
replace the dielectric lined metal wall of a DLW type structure
to minimize wall fields.
The design flexibility offered by PhCs is investigated to
tailor the accelerating mode dispersion for the THz accel-
eration regime while simultaneously allowing for machining
tolerances > 5 % [7]. For comparison with other designs
such as the DLW proposed in [8] and ease of realisation,
a rectangular waveguide configuration is chosen. This work
focuses on waveguides based on a 2D-PBG slab structure with
a triangular lattice of air/vacuum holes, offering a good com-
promise between design flexibility and ease-of-manufacture.
The investigation carried out here focuses on accelerating
voltage, acceleration bandwidth, and field intensity on the
metal/vacuum interface in the channel obtainable from a 100
mJ pulse. While 100 mJ is large, it is not unrealistic to expect
pulses of this magnitude being available in the next few years
[9].
II. BROADBAND THZ PULSES
For lasers to achieve high powers at THz frequencies, it
is required that the pulse is short, typically on the order of
picoseconds. This has the consequence that the Fourier trans-
form of the pulse has a broadband energy spectral distribution
(ESD). Narrowband ESD pulses can be approximated as a pure
gaussian distribution:
U˜(ω) = Umax exp
[
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where ω0 is the centre frequency, Emax is the spectral energy
at the centre-frequency, and σ is the standard deviation of the
curve. Broadband ESD pulses can however show a skew in
the distribution. This skew can be expressed as a modified
Gaussian distribution, shown in Eqn. 2.
U˜(ω) = Umax exp






where x is the source-dependent frequency-decay coefficient.
Thus equations 1 and 2 are consistent when x = 0. This gives
the expected exponential decay profile at frequencies higher
than ω0 while preserving the Gaussian distribution below ω0.
This can be seen in Fig. 1.
Fig. 1. Spectral energy distribution curve for broadband σ = 0.5ω0 THz,
x = 1 pulse, normalised for clarity.
The pulse which was used for analysis was ω0 = 1THz
with Emax for each σ calculated to provide
∫∞
0
U˜ (ω) dω =
100mJ . In addition, the frequency-decay coefficient is taken
as x = 1 for simplicity in analysis. To calculate the accelerat-
ing bandwidth, the spectral voltage profile for the accelerating
mode is required. This was obtained via:
V˜ (ω) = R [T (ω)]
√
U˜(ω)Zc(ω) (V/Hz) (3)
where Z(ω) is the spectral characteristic impedance and T (ω)
















where L is the length of the structure, vp(ω) is the spectral
phase velocity of the accelerating mode, and vb(ω) is the
spectral particle velocity. In a structure of length L, some
asynchronous frequencies will propagate with a net accel-
erating effect, others will propagate with a net decelerating
effect. Integrating over all frequencies as in Eqn. 5 gives the
total accelerating voltage. Calculating Eqn. 2 for increasing σ
allowed Eqn. 5 to be plotted against σ which illustrates the





V˜ (ω) dω (V ) (5)
III. PBG-WAVEGUIDE DESIGN
A. Dielectric Choice
The PBG-W is designed to: sustain a fundamental TM-
like mode with strong longitudinal E-field for acceleration
of an electron beam; be single moded; have a photonic-
bandgap large enough to encompass the broadband THz pulse
and optimise beam-wave interaction over a broad range of
frequencies.
For a photonic-bandgap waveguide (PBG-W) to be useable
in accelerator applications beyond proof-of-concept, it not only
needs to perform well in relation to high-gradient accelera-
tion characteristics but also must be manufacturable. Certain
accelerating characteristics, such as those detailed in later
sections, can be used as figures of merit (FoMs) for comparing
structures without requiring full particle dynamic calculations
to be undertaken. Pushing for the highest acceleration FoMs
in photonic structures can lead to devices which are complex
and, at the tens-of-microns scale required for THz structures,
are not easy to manufacture. Moreover, complexity in small
structures can be unsuitable to high power operation. PBG-Ws
built using photonic crystals which are periodic in two dimen-
sions offer a good compromise between acceleration FoMs
and manufacturability. A 2D PBG-W was proposed in [10] for
acceleration in the optical frequency range, which led to using
a 2D photonic crystal of bulk high refractive index n dielectric
with low-n cylindrical holes in a triangular spacing, as shown
in inset in Fig. 2, perpendicular to the propagation axis of the
particles. Confinement in the perpendicular direction, x-axis,
is achieved by truncating the slab thickness to a finite value
and cladding it with two metal plates, as shown in Fig. 3.
The choice of dielectric dictated the rest of the structure’s
design. The photonic-bandgap width is proportional to the
ratio of permittivities of the two constituent media of the
PhC [11], thus the higher relative permittivity εr for the
dielectric surrounding the air holes, the broader the bandgap.
Higher εr however has the opposing effect of both increasing
the manufacturing precision required near the channel due to
smaller regions having greater effect on the field; and reducing
the group velocity vg through the structure as defining the










Which leads onto defining the group index, which details the
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Where c is the speed of light. Thus applying the chain rule
we get:




As illustrated later in Section III-D, the group velocity
affects the overall acceleration bandwidth of the structure.
A common material used in photonic structures for particle
acceleration is silica (SiO2) [8], which has εr ≈ 3.5 at THz
frequencies. While this allows for expected group velocities
of vg = 0.63c at vp/c = 1, the maximum bandgap for the
structure in this study was found to be approximately 16%
which is not suitable to confine a broadband THz pulse. The
dielectric material chosen was silicon, with higher relative
permittivity εr ≈ 11.6 and loss-tangent tan δ < 10−3 [12].
This material was chosen for investigation due to availability
of data, mature production technology, and a value of εr which
would permit a PBG wide enough to encompass the majority
of a broadband THz pulse.
B. Waveguide Design
As shown in [10], the choice of a triangular lattice of
holes in high permittivity medium opens a bandgap for the
longitudinal-TM polarization of the electromagnetic modes,
where the E-field has components in the plane of the 2D struc-
ture. This allows the design of a PBG-W which can support
a fundamental TM-like mode with a strong longitudinal E-
field component suitable for acceleration. As a reference, the
central frequency of 1 THz is assumed. Using the software
MPB [13], 2D simulations of the PhC unit cell were carried
out to optimize the fill factor of the periodic structure for
maximum PBG around the central frequency.
The maximum PBG was found at a hole radius of
r = 0.445a yielding a PBG of 50% in the normalized fre-
quency region of 0.29− 0.48 ωa/2pic, where ω is the angular
frequency, a is the PhC period, and c is the speed of light.
The band diagram for this case is shown in Fig. 2. Central
frequency of 1 THz is realized for period a = 117µm.
The PBG-W was realized by introducing a line-defect
along the longitudinal direction z across the photonic-crystal
lattice for confinement of the accelerating mode, with channel
width of w, as shown in Fig. 3. The PBG slabs were then
clad between metal plates at the x-axis boundaries. A solid
dielectric lining placed between the bulk PhC and the vacuum
channel, the pad layer, was added to offer an additional
method of control over the accelerating mode dispersion in
the waveguide. It was found that truncating the PBG slabs at
the y-axis boundaries and the addition of metal boundaries did
not significantly alter the band diagram shown in Fig. 2
C. Characteristic Impedance
Firstly, the channel width and pad layer thickness were
investigated using 2D eigenmode simulations to obtain a
suitable dispersion of the accelerating mode at the point of
interaction with vp = c and f = 1 THz. This was found at
channel width 3a and pad-layer of 0.1a providing a starting
point for the design of the 3D waveguide and its optimization
Fig. 2. Band diagram for the 2D-PBG structure of r = 0.445a and εr =
11.66 for TM polarization showing bandgap centered on ωa/2pic ∼ 0.4
corresponding to 1THz for a = 117µm. The PBG structure—where black
is dielectric and white is vacuum, and irreducible Brillouin zone are shown
in inset to the left and right respectively.
Fig. 3. Schematic diagram of the photonic-crystal waveguide—where blue is
vacuum, and orange is dielectric.
for highly relativistic THz acceleration. One of the main FoMs
in conventional RF accelerators is the shunt impedance rs.
This is defined, as in Eqn. 10 as the ratio of the accelerating
longitudinal field Eacc to the power dissipated on the walls of






Thus in a known length of cavity L, assuming the field is








where T is the transit-time factor, or the voltage seen by
a particle under the influence of amplitude variation of the
accelerating field; and V is the accelerating voltage along the
structure. This FoM is typically not used for PBG structures
for accelerator applications due to the wall-losses being a
small component of the total power figure in the structure.
The characteristic impedance Zc is used in the context of
dielectric laser accelerators. This is defined as the product of
the accelerating field Eacc with the integrated Poynting vector
S giving average power flow in the direction of acceleration
in the structure [15] via Eqn. 12:








Thus to ensure Eqn. 12 has the correct units of Ω, the value
is calculated for a structure of one accelerating wavelength λ
long which allows scalability between structures designed for








where Vλ is the accelerating voltage per wavelength in the
structure. Due to the structure being dispersive, λ is not
constant with ω and is extracted from the wave-vector kz as
λ(ω). When Zc for one wavelength is known, Zc for structures







It was found that the accelerating mode tends infinitely to
zero at the metal walls, so lower losses were expected than in
a metal waveguide structure. The thickness of the PBG-W slab
and the channel width were investigated to study optimization
of the structure-particle beam interaction for broadband pulse
excitation by comparing characteristic impedance [15]. While
Zc is often used in literature, a more detailed analysis was
required to incorporate the broadband nature of the excitation
pulse.
The CST eigenmode solver [16], was used to investigate the
effects of channel width on the PBG-W at the point of beam-
wave interaction in structures with a = 117µm, hole radius
r = 0.445a, and pad layer of 13µm. Zc was calculated for
PBG-Ws ranging in thickness from 283−425µm and channel
width 266 − 398µm. In performing the calculations, the
structures were extremely sensitive to mesh imperfections. As
such, the mesh was set to 5λ−1 with 6-pass mesh refinement
for < 0.1% frequency error, leading to approximately 1.5%
error in parameter calculations.
D. Dependence on Group Velocity
For the structure investigated at the end of the previous
section, the group velocity ranged between vg ≈ 0.18c−0.23c.
To determine how this will affect the accelerating voltage in
the structure, another FoM was required. Combining Zc with
the group velocity as in Eqn. 15 provided a more in-depth
examination of the acceleration properties of the structure and








Thus calculating R/Q, the ideal waveguide dimensions
for this structure were in the region of the channel width
300− 340µm and waveguide thickness 360− 420µm—
giving a R/Q between 12kΩ/m− 15kΩ/m.
Similarly to Zc, the R/Q is an adequate FoM for analysis of
single-frequency excitation structures. The final accelerating
voltage of a structure excited by a broad bandwidth pulse
however depends on both R/Q, and the synchronism of the
pulse through the structure: both pulse-envelope and phase-
angle synchronism as to maximize the transit-time factor.
Examining the process of calculating the voltage in Section II,
the calculation for the accelerating voltage in Eqn. 3 and Eqn.
5 has several proportionality factors beyond simply increasing
the accelerating electric field. From this it can be inferred the
voltage is proportional to the group velocity:
T (ω) ∝ vg (16)
Thus from Eqns. 3 and 16 it can be seen:
V (ω) ∝ vg
√
Zc (17)











Therefore from this a new figure of merit was introduced,





It is important to note this derivation does not incorporate
higher-order effects such as group-velocity dispersion or third-
order dispersion, therefore is an approximation. Maximizing
this factor in structures at the interaction point provides a
design starting point for pursuing the maximum accelerating
voltage across the total frequency bandwidth.
E. Dispersion and Accelerating Bandwidth
Numerical simulations showed that the ζv is maximized for
a = 82.201µm and r = 28.7µm when channel width is
taken as 330µm and thickness is 350µm. The profile of the
accelerating mode and its dispersion are shown in Fig 4 and
Fig. 5, respectively.
It can be seen from Fig. 5 that there is only one frequency
which is synchronous with vb = c particles, thus for narrow-
bandwidth applications further frequency-domain calculations
could yield total accelerating voltage from this alone. As the
focus of this paper is broadband acceleration, the analysis
reported in Section II is applied for a waveguide of length
L = 5mm. This gives a total acceleration voltage as seen in
Fig. 6 showing a maximum acceleration voltage of ≈ 1.1MV
at a relative bandwidth of σ ≈ 1% before falling rapidly. As
can be seen in Fig. 5, the point of interaction is high on the
curve and at a point with low gradient. As a result, there is only
a narrow region in which the phase-synchronism condition is
met over the length of the structure. This leads to the poor
accelerating voltage distribution shown in Fig. 6 which does
not allow effective acceleration for broadband driving pulses.
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Fig. 4. Normalized Ez component of the accelerating mode in PBG-W, the
cylinders of the PhC structure visible top and bottom.
Fig. 5. Accelerating mode dispersion for the PBG-W, where a is the photonic
crystal period, with superimposed speed-of-light (SoL) line. Synchronism
between particle velocity and phase velocity of the accelerating mode is
realized at the intersection of these two curves.
F. Field Distribution Ratio
One of the main reasons to pursue PBG-W structures is
the ability to reduce the E-field on the metal walls compared
to metal-based structures such as the DLW. Whilst previous
FoMs address the particle accelerating capability of the PBG-











where EWall is the maximum electric field found on the
metal wall of the structure, EAcc is the maximum accelerating
gradient, and EMax is the maximum electric field found in the
Fig. 6. Accelerating voltage variation with driving pulse bandwidth obtained
for r = 0.445a (maximum PBG width).
structure. For the structures analyzed in this paper, ηWall will
examine the maximum field on the metal/vacuum interface
in the channel of the waveguide, as this is the region where
minimizing fields which could contribute to field-emission
would be beneficial.
For the structure which generated the accelerating voltage
in Fig 6, ηWall = 4.24 and ηMax = 14.29 showing despite
a broad bandgap, this structure has poor electromagnetic
confinement for beam interaction. As such, it can be inferred
that the bulk of the accelerating field resides in the dielectric
and does not contribute towards acceleration.
IV. OPTIMIZING THE PBG-W FOR THZ PULSES
Optimization of the PBG-W for THz driven acceleration
aims at finding a compromise between accelerating voltage
and effective acceleration bandwidth. Broader coupling of
the driving field with the particles can be realized if the
interaction is moved further down the dispersion curve into
the higher gradient region, leading to lower vg dispersion. To
achieve this, the bandgap center-frequency must be reduced
so that the bandgap encompasses a lower wavenumber region
of the SoL line. For this lattice geometry, it can be seen
a decrease in center-frequency will also result in a reduced
PBG width [11]. As such a point must be selected which
is an acceptable compromise between both PBG-width and
center-frequency. Selecting a hole radius r = 0.350a led to a
photonic-bandgap of 41% in the region 0.22− 0.33 ωa/2pic
which still encompassed the accelerating mode around the
frequencies of interest. The band diagram for this structure
can be seen in Fig. 7.
Performing the analysis as in Section III-D, the ζv variation
with channel-width and thickness in this PBG-W with hole
radius r = 0.350a is shown in Fig. 8. As can be seen, the
relationship between channel-width and thickness is not linear.
A general trend can however be seen as narrower channel, and
a thicker slab yields higher ζv . A point was chosen at channel-
width 300µm and thickness 470µm for further investigation.
For manufacturability, this structure also had the photonic
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Fig. 7. Band diagram for the 2D-PBG structure of r = 0.350a and εr =
11.66 for TM polarization showing bandgap centered on ωa/2pic ∼ 0.28.
The irreducible Brillouin zone is shown in inset.
period a modified from a = 82.201µm to 80µm, the hole
radius modified from r = 0.350a (28.7µm) to r = 30µm,
and the pad layer was set to 30µm. This reduced the ζv from
ζv ≈ 4× 1012 to ζv = 2.45× 1012.
Fig. 8. ζv variation with PBG-W thickness and channel width for structure
r = 0.350a.
For comparison with the high ζv case, a further structure
maximizing vg was identified at 600µm channel, 900µm
thickness and a 20µm pad layer. This structure had a consid-
erably lower spectral Zc but had a phase-synchronous group
velocity of vg ≈ 0.71c and thus provided a good comparison
for the effects of both ζv and vg on the accelerating voltage.
Obtaining the dispersion and spectral Zc for both, as shown
in Fig. 9, the accelerating voltage bandwidth was calculated
and plotted in Fig. 10. It can be noted that the acceleration
bandwidth showed improvement in correlation with vg . For
the high-ζv case, ηWall = 0.69 and ηMax = 3.99; showing
improvement over the max-PBG structure. On the other hand,
the high group velocity structure has a ηWall = 0.45 and
ηMax = 9.28 showing that while synchronism is good, much
Fig. 9. Dispersion curves for two structures identified with r = 0.350a, one
optimized for high-Rζv , and one optimized for high-vg .
of the field is being wasted.
Optimization of the proposed PBG-W for broad bandwidths
for the high-R/Q structure improved the resultant 25% band-
width acceleration voltage from ∼ 0.25MV to ∼ 0.6MV ,
with a peak acceleration voltage of ∼ 1.1MV available,
while doubling the accelerating voltages at larger bandwidths.
For the high group-velocity structure, the 25% bandwidth
acceleration voltage was further increased to ∼ 0.8MV with
improved acceleration voltage over the high ζv structure at
higher bandwidths, with the cost of much poorer acceleration
voltages at low bandwidths. This is expected to be due to a
component of the electric field propagating into the dielectric
and thus not contributing to acceleration.
While this structure was made from silicon, first-order
analysis of Eqn. 9 shows the expected group velocity of a
dielectric-coupled structure is vg = 0.29c which will poorly
affect both bandwidth and ζv . To achieve a group velocity of
vg > 0.5c would be more desirable and as such a material with
εr < 4 would be required. The use of silica was discounted as
the maximum bandgap of a structure using this material was
investigated and found to be approximately 16% and as such
too low for adequate broadband acceleration. Alternatively,
materials such as titanates of barium or strontium with an
extremely high permittivity could be worth investigating.
V. COMPARISON WITH DLW
To fully assess the capabilities of the proposed PBG
waveguide, a comparison with the dielectric-loaded waveguide
(DLW), whose properties were investigated for THz driven
acceleration in [8], is performed.
The structure presented in [8] was rescaled for an inter-
action frequency of 1 THz, and the dielectric was changed
from quartz to silicon for direct comparison—which involved
changing the thickness of the dielectric layer to compensate for
the increase in refractive index. The geometry for all structures
examined is given in Table I. The accelerating mode dispersion
found in the DLW is shown in figure 11. Figure 12 compares
the accelerating voltage for all the structures investigated.
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Fig. 10. Comparison of broadband accelerating voltage obtained in high-ζv
and high-vg structures.
From Fig. 12 it can be seen that a large discrepancy in
accelerating voltages exists between PBG-Ws and the DLW
for the same input pulse. In comparison, the DLW had a
ζv = 1.43× 1013, a 5.83-times increase over the high ζv PBG-
W structure. From Fig. 11 it can be seen that the dispersion
for the DLW crosses the SoL line with higher vg and diverges
less from it than any PBG-Ws examined. This led to a larger
frequency-spectrum in which the phases move synchronously
with the beam in T (ω) thus leading to a larger accelerating
bandwidth for the structure. In regards to field distribution,
the ratios for the DLW are ηWall = 0.31 and ηMax = 3.06,
showing less field propagates within the dielectric layers, thus
improving field contribution towards acceleration.
Fig. 11. Accelerating mode dispersion in silicon-loaded DLW, where a is the
length of the unit-cell simulated.
The PBG-W however provides a significant reduction of
incident magnetic field on the wall compared to the DLW.
Similar to the E-field distribution ratios, the magnetic ratio
was used, where ηH = HWall/EAcc. Examination of the
figures of merit for the structures under investigation in Table
Fig. 12. Comparison of accelerating voltage for broadband pulses in all
structures discussed.
I reveals that even poorly-optimized PGB-Ws have lower peak
magnetic field on the wall, with a reduction of over 57% for
the same accelerating voltage. While these fields do not have
an effect on acceleration, their reduction will lead to lower
heating effects. This can be seen to have been captured in the
shunt impedance figures, with the optimized PBG-W having
a 44% higher shunt impedance for the same pulse. As such,
while the PBG-Ws investigated have not reduced peak electric
fields on the metal walls of the vacuum channel compared to
the DLW, total field incident on the wall leading to resistive
losses has been reduced.
TABLE I
COMPARISON OF FIGURES FOR THE INVESTIGATED STRUCTURES.
FoM Max-PBG High-ζv High-vg DLW Unit
Channel 332 300 600 543 µm
Thickness 354 470 900 600 µm
Radius 47 30 30 N/A µm
Pad Layer 22 30 7 28 µm
Zc 27.84 162.96 27.84 244.79 Ω/λ
rs 3.71 75.26 24.89 52.15 MΩ/m
R/Q 2.69 27.05 3.33 78.71 kΩ/m
vgc 0.18 0.30 0.66 0.61 None
ηWall 4.24 0.69 0.45 0.31 None
ηMax 14.29 3.99 9.28 3.06 None
ηH 0.004 0.006 0.006 0.014 N/A
VI. CONCLUSION
The design of a photonic-crystal based waveguide to ac-
celerate highly-relativistic electrons driven by THz radiation
has been investigated. It was shown that to optimize the
acceleration voltage from broad-bandwidth THz pulses, care-
ful consideration needs to be paid towards photonic-bandgap
width, accelerating mode dispersion, point of synchronism
with the beam, and dielectric material. Results showed that
although lower accelerating voltages overall were achieved
compared to the DLW, the PBG-W here proposed can offer a
suitable design for THz acceleration; outperforming the DLW
in terms of magnetic fields on the walls and resistive losses.
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Important design considerations on the parameters governing
optimization of the waveguide have been given.
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